The uncinate fasciculus connects limbic structures, such as the hippocampus and amygdala, with frontal regions. This study utilized diffusion tensor imaging to examine the structural integrity of the uncinate fasciculus in late-life depression. Method: 18 elderly depressed and 19 elderly nondepressed subjects were matched for age and sex; 8 subjects had mid-to late-onset of depression while 10 subjects had early-onset depression. 3T diffusion tensor imaging-based fi ber tract mapping delineated the uncinate fasciculus in each hemisphere, which guided measurement of the fractional anisotropy of the uncinate fasciculus in the temporal stem. After controlling for age and sex, differences between diagnostic groups were assessed. Results: After controlling for age and sex, individuals with early onset depression exhibited lower anisotropy of the left uncinate fasciculus than did mid-and late-onset or nondepressed subjects (F 2,36 = 4.50, p = 0.02). Analyses of the right uncinate fasciculus were not statistically signifi cant. Conclusions: This provides preliminary evidence that there is a structural connectivity defi cit between left frontal and limbic structures in early-onset depression. Further work is needed to determine if this is seen in younger depressed subjects, and if it infl uences treatment outcomes.
Introduction
Depression is among the leading causes of disability and burden worldwide; despite its prevalence, its underlying pathophysiology is still being ascertained. In recent years, the neuroanatomic substrate underlying mood regulation has been elucidated (Phillips et al 2003a (Phillips et al , 2003b , which has led to theories of how these regions are structurally and functionally connected (Seminowicz et al 2004) , and how the circuit may be disrupted in depression (Phillips et al 2003) . A number of brain regions have been implicated in mood regulation, including prefrontal areas, brainstem nuclei, limbic structures such as the amygdala and hippocampus, and subcortical gray matter regions such as the caudate and thalamus (Phillips et al 2003; Seminowicz et al 2004) . Most of the work examining these regions in mood disorders has focused on volumetric studies of the regions themselves, or functional imaging studies examining regional metabolism in response to various cognitive tasks. However, to date few studies have examined the structural connections between these brain regions. It is possible that connectivity defi cits may be associated with functional differences for these regions, thus predisposing individuals for the development of mood disorders.
One candidate connecting brain structure that may be associated with depression is the white matter fi ber tract known as the uncinate fasciculus, a prominent tract connecting inferior frontal regions with temporal lobe regions including the amygdala and hippocampus (Ebeling and Cramon 1992) . Structural imaging studies demonstrate that inferior prefrontal regions such as the anterior cingulate cortex and orbitofrontal cortex are associated with depression (Drevets et al 1997; Lai et al 2000; Botteron et al 2002; Bremner et al 2002; Ballmaier et al 2004) , as are the amygdala (Sheline et al 1998; Caetano et al 2004) and hippocampus (Shah et al 1998; Steffens et al 2000; Caetano et al 2004) .
This study used diffusion tensor imaging (DTI) to examine the uncinate fasciculus in an elderly cohort of dressed and nondepressed subjects. We specifi cally hypothesized that elderly subjects with an early onset of depression would exhibit lower uncinate fasciculus fractional anisotropy than either late-onset depressed or nondepressed subjects. We selected this hypothesis based on previous work demonstrating that (1) recurrent depression and longer lifetime duration of depressive symptoms is associated with smaller volumes of limbic structures (Sheline et al 1998; Sheline et al 1999) , and that (2) volumetric differences in these limbic and frontal regions may be associated with specifi c genetic polymorphisms (Pezawas et al 2005; . As individuals with an earlier onset of depression may be more likely to have more episodes than late-onset depression, and may be more likely to have genetic factors contributing to their risk of depression, this work guided our decision.
Method Sample
Depressed subjects were enrolled in the Conte Center for the Neuroscience of Depression at Duke University and met DSM-IV criteria for Major Depression by interview with a geriatric psychiatrist. They were evaluated with the NIMH diagnostic interview schedule (DIS) (Robins et al 1981) assessing major depression and self-report of depression onset, enriched with items assessing sleep problems and the clinical features of melancholia and psychosis, mania, and substance abuse or dependence. Subjects were age 60 years or older; exclusion criteria included other psychiatric diagnoses including substance abuse or dependence, primary neurological disease including dementia, and contraindications to magnetic resonance imaging (MRI). Nondepressed control subjects were community volunteers with a non-focal neurological examination and no depression or other neuropsychiatric disease on the DIS. The study was approved by the Duke University Health System Institutional Review Board, and all subjects provided written informed consent.
Subjects were drawn from a larger pool of individuals who had completed all study assessments. This cohort was selected so depressed and nondepressed subjects would be matched by age and sex.
Image acquisition
Subjects were imaged with a 3.0 Tesla whole-body MRI system (Trio, Siemens Medical Systems, Malern, PA, USA) using the 8-channel head coil. Diffusion tensor axial imaging followed the Basser scheme (Basser and Pierpaoli 1998) using 6 diffusion directions with a b value of 1000 sec/mm 2 , plus an acquisition where b = 0 sec/mm 2 (denoted as B1 through B6), plus an acquisition where b = 0 sec/mm 2 (denoted as B0). Using the echoplanar pulse sequence, the imaging parameters were: 25.6 cm FOV (fi eld-of-view); 2 mm slice with 0 gap between slices; repetition time = 7200 msec, echo train length = 80; 4 excitations (averages); 1345 Hz/pixel bandwidth; 128 × 128 matrix. This yields a cubic voxel with 2 mm long edges. The parallel imaging features of the scanner were employed to reduce the susceptibility effects with an IPAT factor of 2.
Fiber tract mapping procedures
White matter tracts were traced using "seed" regions of interest (ROIs) on the B0 diffusion-weighted image, placed using IRIS, an interactive image segmentation program (University of North Carolina -Chapel Hill). ROIs were placed in two regions: 1) the temporal lobe at the junction with and anterior to the temporal stem, and 2) the inferior frontal lobe at the junction with and anterior to the temporal stem. A similar method has been used by others to track the uncinate fasciculus (Mori et al 2002) ; although our method differs as the frontal ROI included only the inferior half of the lobe and did not extend above the lateral ventricles.
The Fiber Tracking Tool (version 1.2; University of North Carolina -Chapel Hill, developed from methods provided by S. Mori (Mori et al 2002) ) created the white matter tract images using the fractional anisotropy images and the vector fi eld it calculates from the B0-B6 diffusion images (Fillard et al 2003) . It uses fractional anisotropy thresholds and eigenvector directions to map fi bers extending from the seed ROIs. The default parameters were: B value = 1000, minimum fractional anisotropy threshold = 0.15, coherence = 0.125, and the "track whole brain" setting. The angle of maximum deviation was set to 0.5. The Fiber Tracking Tool also converted the B0-B6 images into the fractional anisotropy (FA) images.
FA values were calculated in each voxel according to standard formulae (Basser and Pierpaoli 1996) .
Uncinate region-of-interest measurement
The 3-D uncinate fi ber map was saved as a ROI which could be displayed as an overlay on the FA and ADC image series. This allowed visualization of where the uncinate passed on individual slices, which then could guide placement of a specifi c ROI which would measure the FA and ADC of the uncinate fasciculus at a specifi c location.
ROI measurement of the uncinate fasciculus was performed by a single analyst blinded to subject diagnosis (WDT) using Analyze 5.0 (Mayo Clinic, Rochester, Minn.). This program allowed conversion of the axial images to a coronal orientation, where all ROIs were placed. The ROI was placed at the temporal stem in each hemisphere on the slice where the uncinate fi bers covered the largest area of the temporal stem; if two or more slices had comparable areas covered by the uncinate fasciculus, the more anterior slice was selected. Slices for ROI placement were selected separately for each hemisphere. Although the method for determining the appropriate slice differs, in general this appears to result in a comparable ROI placement as have been used by others to measure anisotropy of the uncinate fasciculus (Kubicki et al 2002) .
Statistical analysis SAS 8.2 (Cary, NC) was used for all statistical analyses. Initial group comparisons were performed using two-tailed t-tests for dichotomous variables, and ANCOVA for categorical variables. The depressed group was dichotomized into early-and mid-to late-onset depressed groups based on age of onset; subsequent analyses included these two groups along with the nondepressed subjects. Univariate analyses of this trichotomous variable ("Diagnosis"; 0 = control, 1 = early-onset depressed, 2 = late-onset depressed) were performed using 1-way ANOVA for continuous variables and ANCOVA for categorical variables.
The PROC GLM function in SAS was used for all models. The models examined FA values as dependent variables, with independent variables of age, sex, and diagnosis. The LSMEANS method was used to determine the mean anisotropy value for each statistically signifi cant categorical variable and examine for differences between groups.
Results

Sample
The sample consisted of 18 depressed and 19 nondepressed elderly subjects. There was no difference between these two groups in age (nondepressed subjects, mean age = 72.2 years, range = 63-77 years, SD = 3.8; depressed subjects, mean age = 70.8 years, range = 63-79 years, SD = 3.2; t value = 1.18; 35 df; p = 0.25) or sex representation (depressed subjects = 66% female (12/18); nondepressed subjects = 63% female (12/19); χ 2 = 0.05; p = 0.82) between groups. There were no statistically signifi cant differences between depressed and nondepressed subjects in univariate analyses of FA values of either the left uncinate (depressed: 0.48, SD = 0.08; nondepressed: 0.51, SD = 0.06; t = 1.43, p = 0.16) or the right uncinate (depressed: 0.45, SD = 0.09; nondepressed: 0.49, SD = 0.08; t = 1.59, p = 0.12).
All 18 depressed subjects were receiving antidepressant medication at the time of MRI. Ten were on a SSRI, two on nortripityline, two on buproprion, two on venlafaxine, and one on a combination of a SSRI and bupropion. The average length of time on these regimen was 21.8 months (SD = 24.7 months), with a range of 3-63 months.
Depressed subjects had a mean age of onset of 37 years (SD = 21.0 y, range = 11-72 years). This mean age of onset was used to dichotomize the depressed subjects into earlyonset (onset prior to age 37 years, N = 8) or mid-to lateonset (onset at age 37 years or older, N = 10). There were no differences in age, sex, or education between these three groups (Table 1) . Univariate analyses that did not control for potentially confounding factors demonstrated a statistical trend in the left uncinate FA (F 2,36 = 2.87, p = 0.07) ( Table 1 and Figure 1) . Models examined the left and right uncinate fasciculus FA values as the dependent variable, with age, sex, and diagnosis as independent variables (Table 2) . In these models the left uncinate, but not the right, reached statistical significance. Within the left uncinate model, age had no effect on FA, however there was an effect for sex, where women were more likely to have lower FA values. Also, in this model, diagnostic status was associated with lower FA values. Using the least squares means procedure, it becomes apparent that the early-onset subjects exhibit the lowest adjusted FA values (FA = 0.45, standard error (SE) = 0.02) in comparison with both late-onset subjects (FA = 0.52, SE = 0.02; p = 0.02) and nondepressed control subjects (FA = 0.52, SE = 0.01; p = 0.01). Although the overall model was not statistically signifi cant, we also examined the least squares means for the right uncinate, and found generally similar adjusted FA values (early-onset: 0.42, SE = 0.03; late-onset: 0.48, SE = 0.03; control: 0.50, SE = 0.02). As the overall model was not signifi cant, we did not test for signifi cant differences between groups.
Discussion
Our primary fi nding is that older subjects with adolescent or young adult onset of major depression exhibit lower structural integrity of the left uncinate fasciculus as measured with DTI. This suggests that depression developing in early life is associated with alterations in the structure of the uncinate fasciculus that can be observed in later life, and this may be related to functional uncoupling of the amygdala and subgenual cingulate (Anand et al 2005) . To our knowledge, this is additionally the fi rst structural imaging study to implicate the uncinate fasciculus in depression, although diffusion tensor imaging has demonstrated other widespread white matter abnormalities in geriatric depression (Alexopoulos et al 2002; Bae et al 2006; Nobuhara et al 2006) . Uncinate fasciculus abnormalities have been previously reported in schizophrenia (Kubicki et al 2002; Burns et al 2003) and schizotypal personality disorder (Nakamura et al 2005) .
This study identifi es differences in depressed subjects in a white matter fi ber tract that connects the amygdala, hippocampus, anterior cingulate cortex and orbitofrontal cortex. These structures have been prominently implicated as playing a role in emotion regulation and depression (Drevets et al 1997; Mayberg et al 1999; Lai et al 2000; Phillips et al 2003) . Although adjusted mean values of the left and right fasciculi were similar, we could only demonstrate statistical signifi cance in our left hemisphere measures. These differences were not statistically signifi cant in univariate analyses, but only in the multivariate model, and may be explained by the fact that univariate analyses do not account for demographic factors such as sex that may be related to these differences. It should be acknowledged that the small sample size results in less statistical power and raises the possibility that our fi nding is a false-positive; larger studies are needed to confi rm these results, and to more fully test for sex-related differences.
The observation that signifi cant differences were limited to the left hemisphere may be due to a small sample, but is supported by functional imaging studies fi nding hemispheric differences in amygdala response. Presentation of fearful faces involves signifi cantly more activation of the left than right amygdala (Phillips et al 2001; Wright et al 2001) in healthy volunteers. Studies in depression are mixed, some fi nding activation differences in the left hemisphere (Drevets et al 1992; Sheline et al 2001) , while other found differences in the right (Abercrombie et al 1998) . It has been proposed that the left The uncinate fasciculus in geriatric depression amygdala may be specialized for stimulus evaluation (Wright et al 2001) . This theory fi ts with our fi nding, wherein less input from the prefrontal cortex to the amygdala, due to uncinate tract disruption, could result in left amygdala hyperreactivity, which may result in the negative bias seen in depression. The changes we have identifi ed may have several causes. Neurodevelopmental factors, perhaps infl uenced by genetic polymorphisms, may contribute to altered connectivity between frontal and temporal regions and would explain the specifi city of our fi nding to early-onset individuals. Other explanations are possible, such as fi ndings of repeated depressive episodes being associated with smaller hippocampal volumes (Sheline et al 1996; Sheline et al 2003) , resulting in atrophy of the connecting fi bers. Alterations in uncinate structure have been associated with childhood socioeconomic deprivation (Eluvathingal et al 2006) , so early life environmental infl uences and stress may also contribute to our fi nding. It is possible that vascular changes, common in geriatric depression , could cause tract disruption, although this is less likely. If this were the case, one would expect to see differences in the late-onset group, which tends to exhibit more vascular changes than the early-onset group . It is also possible that antidepressant medications taken by the depressed subjects may have infl uenced our response. Antidepressants have been shown to induce neurogenesis, particularly in the hippocampus (Jacobs et al 2000; Malberg et al 2000) ; how this affects white matter organization has yet to be demonstrated.
We additionally identifi ed a signifi cant but unexpected association between female gender and lower left uncinate fasciculus anisotropy. Previous DTI studies examining other brain regions have also found gender differences, with women demonstrating higher anisotropy in the left frontal lobe and lower anisotropy in the corpus callosum (Szesko et al 2003; Westerhausen et al 2003; Shin et al 2005) . This fi nding, should it be confi rmed, could provide a clue to why women have higher rates of depression than men (Kessler et al 1993; Oquendo et al 2001) .
Although this study demonstrates a change in brain structure potentially important to the pathogenesis of depression, unfortunately it does not assess a relationship between this fi nding and function of the amygdala, hippocampus, or prefrontal cortex. Another study limitation is that age of onset was determined through self-report, which although it may be relatively unreliable, our approach of dichotomizing people into early-and late-onset decreases some of this uncertainty as even if subjects are off by several years, it would not affect which category they entered. The use of the mean age of onset, 37 years, as the cutoff to dichotomize the two groups does not conform to other geriatric depression studies examining late-onset depression, which use cutoffs between 50 and 60 years. However, this does separate subjects who have adolescent or early adulthood onset, from those who have midlife or late-life onset; it is in this early onset group one might expect to see the strongest genetic contribution to neuroanatomic fi ndings, particularly if our fi ndings are related to neurodevelopmental processes. Finally, other refi nements to our image analysis methods could be considered in the future, such as methods examining more than six diffusion directions or calculating anisotropy along a fi ber tract (Kanaan et al 2006) rather than in a specifi c region.
Future studies need to examine the relationship between depression and uncinate fasciculus integrity in larger samples so the models can be adequately powered, and include depressed subjects across the lifespan. Additionally, it should include examination of genetic polymorphisms which may affect brain regions connected by the uncinate fasciculus (Pezawas et al 2005) , and examination of neurocognitive measures of limbic and frontal function to assess if the changes detected are associated with amygdala, hippocampal, or prefrontal dysfunction.
Preliminary data were presented at the 45th Annual Meeting of the NIMH New Clinical Drug Evaluation Unit (NCDEU) Meeting in Boca Raton, Florida, on June 6-9, 2005. 
